Introduction
============

Appropriate replication and repair of DNA is important for maintenance of genomic stability. Encounters between replication forks and bulky DNA lesions can lead to stalling of DNA polymerases and incomplete DNA replication or vulnerability to replication fork collapse, both potential sources of genomic instability. Therefore, cells have evolved DNA damage tolerance mechanisms such as trans-lesion synthesis (TLS) for maintaining replication fork progression on damaged templates.

TLS is mediated by the action of specialized DNA polymerases (termed "TLS polymerases"). Collectively, TLS polymerases perform replicative bypass of various DNA lesions by virtue of their flexible active sites ([@bib48]). In contrast with replicative DNA polymerases, TLS polymerases have low processivity and are highly error-prone on undamaged templates. Therefore, TLS polymerase activities must be strictly regulated to prevent mutagenesis.

Mammalian TLS DNA polymerases include Y family members DNA Polymerase eta (Polη), DNA Polymerase κ (Polκ), DNA Polymerase ι (Polι), Rev1, and DNA Polymerase ζ (Polζ; comprised of the B family DNA Polymerase Rev3L and a regulatory subunit Rev7; [@bib39]). Each TLS polymerase exhibits a preference for bypass of specific types of DNA damage. For example, Polη is specialized to perform bypass of solar UV radiation--induced cis--syn Thymine--Thymine cyclobutane--pyrimidine dimers (CPDs; [@bib27]).

The importance of TLS for genome maintenance is demonstrated by individuals with a variant form of the autosomal recessive disease xeroderma pigmentosum (XPV), conferred as a result of Polη deficiency ([@bib27]). XPV patients exhibit acute sensitivity to sunlight and a high risk of developing skin malignancies, and their Polη-deficient cells are UV sensitive ([@bib24]; [@bib22]), often exhibiting increased rates of sister chromatid exchange (SCE) relative to wild-type (WT) cells ([@bib10]).

Studies with knockout mice have also demonstrated a key role for Polη in tumor suppression. After UV radiation, 100% of *polh*^−/−^ mice developed epithelial tumors ([@bib23]), and even the loss of a single allele of *polh* rendered the mice more susceptible to UV-induced tumors ([@bib23]; [@bib36]). The molecular phenotypes of Polη deficiency most likely reflect error-prone bypass of CPD, as *polh^−/−^* cells exhibited fivefold higher rates of UV-induced mutagenesis compared with WT cells ([@bib7]).

Mechanisms that recruit Polη and other TLS polymerases to sites of DNA damage have been studied extensively. In UV-irradiated cells, Polη redistributes to form nuclear foci that colocalize with proliferating cell nuclear antigen (PCNA) at sites of BrdU incorporation and CPD lesions ([@bib15]). Recruitment of Polη and other TLS polymerases to stalled replication forks is mediated in part via mono-ubiquitination of PCNA ([@bib16]). Rad18 is a highly conserved ubiquitin E3 ligase that mono-ubiquitinates PCNA in response to DNA damage ([@bib16]). Y family polymerases possess Ub-binding domains (termed UBM and ubiquitin-binding zinc finger \[UBZ\] motifs), and direct interactions between mono-Ub-PCNA and TLS polymerases facilitate their recruitment to replication forks ([@bib5]). However, additional mechanisms appear to contribute to TLS polymerase recruitment at sites of DNA damage. Rad18 associates directly with Polη and guides the polymerase to sites of DNA damage ([@bib51]). Consistent with a key role for Rad18 in TLS, Rad18 deficiency causes sensitivity to DNA-damaging agents ([@bib54]; [@bib46]; [@bib31]). Despite the key roles of Rad18 in TLS, precise mechanisms by which Rad18 effects recruitment of TLS polymerases to sites of DNA damage and mechanisms integrating Rad18 activity with other elements of cell cycle control and various DNA damage responses are not fully understood.

Cdc7 is the catalytic subunit of a protein kinase that was first characterized as a temperature-sensitive mutant essential for the initiation of DNA replication in budding yeast ([@bib14]; [@bib32]). In higher eukaryotes, Cdc7 has two activating subunits, Dbf4 and ASKL1/Drf1 ([@bib21]; [@bib28]), and is essential for initiation of DNA replication ([@bib55]). Dbf4/Drf1-Cdc7 (also termed Dbf4/Drf1-dependent kinase \[DDK\]) phosphorylates components of the MCM2-7 complex and promotes loading of the initiation factor CDC45 ([@bib26]).

Cdc7 mutants are hypersensitive to DNA-damaging agents ([@bib33]), which suggests a possible role for DDK in the cellular response to DNA damage. Indeed, in human cells, Dbf4 activates Cdc7, accumulates on chromatin ([@bib47]), and phosphorylates Claspin ([@bib20]) in response to DNA damage. In budding yeast, Cdc7 prevents UV sensitivity and promotes UV-induced mutagenesis ([@bib33]; [@bib17]). Fission yeast mutants of hsk1 and dfp1 (encoding DDK) are also defective for methyl methanesulfonate--induced mutagenesis ([@bib11]). Conversely, yeast strains engineered to express high levels of Cdc7 show hypermutability in response to UV ([@bib41]). Therefore, genetic analyses are consistent with a role for DDK in DNA damage tolerance via TLS. Cdc7 was placed in the Rad6 epistasis group because of phenotypic similarities between cdc7 and rad6 mutants ([@bib33]).

Genetic interactions between Cdc7 and members of the TLS pathway have been described in *Saccharomyces cerevisiae* ([@bib38]). Moreover, it is suggested that BRCT domains of the TLS protein Rev1 and Dbf4 domains interact with a common protein or structure ([@bib13]). Collectively, these studies led us to hypothesize that Cdc7-Dbf4 might participate in TLS by directly phosphorylating a component of this pathway.

Here we have investigated the biochemical relationship between Cdc7 and Rad18, the central regulator of the TLS pathway. We demonstrate that Rad18 is phosphorylated in a Cdc7-mediated manner in vitro and in intact human cells. Moreover we show that Cdc7-dependent Rad18 phosphorylation promotes efficient recruitment of Polη to stalled replication forks after UV treatment. Collectively, these data support a model in which Cdc7 phosphorylation of Rad18 provides a novel mechanism for the regulation of Rad18-mediated TLS.

Results
=======

In vitro phosphorylation of Rad18 by Cdc7
-----------------------------------------

We tested full-length recombinant Rad18 (in complex with its physiological binding partner Rad6) as a potential in vitro substrate for Cdc7-Dbf4. As shown in [Fig. 1 A](#fig1){ref-type="fig"}, Rad18 was specifically phosphorylated by Cdc7-Dbf4. Under these reaction conditions, approximately one phosphate was incorporated per molecule of Rad18. This level of incorporation is quite significant and is close to half the level of phosphorylation we typically observed with Mcm2 protein, which is believed to contain multiple phosphorylation sites. Mutant kinase--inactive recombinant DDK failed to phosphorylate Rad18 ([Fig. 1 B](#fig1){ref-type="fig"}). Therefore, the Cdc7-dependent Rad18 phosphorylation we observed was not caused by contaminating kinase activities in our DDK preparations.

![**DDK phosphorylates the C terminus of Rad18.** (A) Recombinant Rad18--Rad6 complex was incubated with purified Cdc7-Dbf4 in the presence of \[^32^P\]γATP. Reaction products were resolved by SDS-PAGE and analyzed by autoradiography (top) and Coomassie staining (bottom). The Rad18 and Rad6 bands were excised from the dried gel, and the radioactivity of each band was measured by scintillation counter. The incorporation of phosphate per molecule of Rad18 protein was calculated on the basis of the specific radioactivity of \[^32^P\]γATP in the kinase reactions. (B) Recombinant Rad18--Rad6 complex was incubated with purified DDK complexes containing WT Cdc7 or a kinase-dead (KD) Cdc7 K90 → E mutant in the presence of \[^32^P\]γATP. Reaction products were analyzed as described for A. (C) The indicated regions of hRad18 were expressed as recombinant GST fusion proteins in *E. coli*. Expression of the GST fusion proteins was validated by immunoblotting with anti-GST. GST fusions of Rad18 were tested for in vitro phosphorylation by Cdc7-Dbf4. Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_RGB_Fig1){#fig1}

In previous studies, sequence motifs targeted by DDK have been identified via mutational analyses using recombinant bacterial GST fusion proteins as substrates ([@bib9]; [@bib42]). To identify the Rad18 regions phosphorylated by Cdc7, we generated a series of partially overlapping GST fusion fragments of Rad18 spanning specific domains of the Rad18 protein (indicated in [Fig. 1 C](#fig1){ref-type="fig"}). The GST-Rad18 fragments were tested as possible in vitro substrates for Cdc7-Dbf4. As shown in [Fig. 1 C](#fig1){ref-type="fig"}, recombinant Dbf4-Cdc7 specifically phosphorylated a C-terminal Rad18 fragment spanning amino acids 398--495.

The C terminus of Rad18 contains three clusters of serine residues representing potential Cdc7 phosphorylation sites: cluster 1 comprises serines 403, 405, and 409; cluster 2 comprises serines 421--423; and cluster 3 (which we designated the "S box") comprises serines 432--434, 436, 438, and 441--444 ([Fig. 2 A](#fig2){ref-type="fig"}). To identify the specific Cdc7 phospho-acceptor sites, serines within clusters 1--3 were mutated to alanines, and mutant GST-Rad18 fragments harboring those S-to-A substitutions were tested as Cdc7 substrates. A GST-Rad18 398--495 fusion with alanine substitutions at residues 403, 405, and 409 was phosphorylated as efficiently as GST-Rad18 398--495 (WT), thereby excluding cluster 1 serines as Cdc7 targets (unpublished data). Although there is no specific consensus sequence present in known DDK substrates, Cdc7 preferentially phosphorylates clusters of serines flanked by acidic amino acids ([@bib9]). The Rad18 S box contains nine serines preceding a glutamate-rich region, similar to the sequence of Mcm2, the best-characterized Cdc7 substrate ([@bib9]). Therefore, we asked whether serines in the S box were necessary for Rad18 phosphorylation by Cdc7. First, we deleted the entire S box and tested the resulting protein (GST-Rad18 398--495 ΔS-Box) for in vitro phosphorylation by Cdc7. As shown in [Fig. 2 B](#fig2){ref-type="fig"}, deletion of the S box reduced phosphorylation of GST-Rad18 398--495 by 90%, which suggests that amino acids phosphorylated by Cdc7 lie within the S box.

![**Identification of Cdc7 target residues in the C-terminal domain of Rad18.** (A) Amino acid sequence of the Rad18 C terminus. A serine-rich region within the Polη-binding domain is highlighted in blue. Serines representing potential DDK targets are underlined. (B) Mcm2, GST-Rad18 398--495 (WT), and GST-Rad18 398--495 (ΔS-box) were tested as DDK substrates using in vitro kinase assays. Phosphorylated GST-Rad18 substrates and the closely migrating bands corresponding to phosphorylated Mcm2 (top) and autophosphorylated Cdc7 (bottom) are indicated. Equivalent levels of GST-Rad18 substrates in each reaction were verified by Coomassie staining of the radioactive gels (not depicted). (C) GST-Rad18 398--495 (WT) and GST-Rad18 398--495 3S → A (containing alanine substitution of serine residues 434, 436, and 444) were tested as DDK substrates using in vitro kinase assays. To verify equivalent levels of substrate between reactions, a portion of each GST-Rad18 preparation was analyzed on a separate gel using SDS-PAGE and immunoblotting with anti-GST. (D) GST-Rad18 398--495 (WT) and various derivatives containing serine or alanine substitutions were tested as DDK substrates using in vitro kinase assays. To verify equivalent levels of substrate between reactions, a portion of each GST-Rad18 preparation was analyzed by SDS-PAGE and Coomassie staining on a separate gel. In the sequences below the gel images, residues highlighted in blue represent serines within the Rad18 S box that were mutated to alanine. Residues highlighted in red represent individual S box serines that were available for in vitro phosphorylation by Cdc7 in each GST-Rad18 mutant. Although not shown in this particular experiment, a GST-Rad18 S-Box → A mutant containing only one serine at position 441 was also unable to support phosphorylation by DDK (not depicted). (E) Sequence alignment of Rad18 from various species. Underlined residues represent the S box of human Rad18. Serine residues highlighted in blue indicate potential phosphorylation sites present in human Rad18. The residues highlighted in red indicate a conserved serine corresponding to S434 of human Rad18. The dashed lines represent residues that are absent from mouse, zebrafish, and *S. pombe* homologues of Rad18. Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_RGB_Fig2){#fig2}

Next we performed alanine substitution of S434, S436, and S444, all of which lie within the S box and precede acidic residues, similar to sites preferentially phosphorylated by Cdc7 in Mcm2 ([@bib9]). Again, the resulting GST-Rad18 398--495 (3S → A) protein was tested as a Cdc7 substrate using in vitro kinase assays. As shown in [Fig. 2 C](#fig2){ref-type="fig"}, the level of in vitro phosphorylation of GST-Rad18 398--495 (3S → A) was reduced by 60% relative to WT. Therefore, S434, S436, and S444 are likely Cdc7 targets. However, Cdc7-dependent phosphorylation of GST-Rad18 398--495 (3S → A) was not completely abrogated by mutating S434, S436, and S444, which indicates that Cdc7 phosphorylates additional sites within the S box.

To identify the serines most efficiently phosphorylated by Cdc7-Dbf4, all serines in the S box were mutated to alanine (indicated in blue in [Fig. 2 D](#fig2){ref-type="fig"}), and individual serines were sequentially added back (indicated in red in [Fig. 2 D](#fig2){ref-type="fig"}) to detect sites conferring phosphorylation. Using substrates in which only one serine was available to Cdc7, S434 was preferentially phosphorylated by Cdc7 ([Fig. 2 D](#fig2){ref-type="fig"}). GST-Rad18 398--495 (434S) was only phosphorylated ∼10% as efficiently as GST-Rad18 398--495 WT. Therefore, consistent with results of [Fig. 2 C](#fig2){ref-type="fig"}, S434 is most probably not the only residue phosphorylated by Cdc7. Similar to Mcm2, the pattern of Rad18 phosphorylation is likely to be complex, with multiple residues serving as potential Cdc7 targets. Alignment of the C terminus of hRad18 shows that S434 and many elements of the S box are highly conserved from chicken to humans ([Fig. 2 E](#fig2){ref-type="fig"}), which may suggest conservation of putative Cdc7-based Rad18 phosphorylation between some species.

Rad18 S434 is phosphorylated in intact cells
--------------------------------------------

To determine whether S434 of Rad18 is phosphorylated in intact cells, we raised a phospho-specific antibody against Rad18 pS434 (described in Materials and methods). Three complementary approaches were used to validate the Rad18 pS434 phospho-specific antibody.

We used adenoviral vectors to ectopically express HA-tagged Rad18 in H1299 cells. The levels of Rad18 achieved using adenovirus were similar to or less than levels of endogenous Rad18 (unpublished data). Using immunoblot analysis of HA-Rad18 immunoprecipitates, we demonstrated that our Rad18 S434 phospho-specific antibody recognized Rad18 WT, but not Rad18 S-Box-A, a mutant in which all of the serines in the S box were substituted with alanines ([Fig. 3 A](#fig3){ref-type="fig"}). The phospho-specific antibody detected a Rad18 mutant containing alanine substitutions at residues S434, S436, and S438 (hereafter designated "Rad18 3S → A") poorly relative to Rad18 WT ([Fig. 3 B](#fig3){ref-type="fig"}).

![**Rad18 S434 is phosphorylated in intact human cells.** (A) Phospho-specificity of Rad18 anti-pS434 antibody demonstrated by analysis of S box mutant Rad18. H1299 cells were infected with adenovirus vectors encoding HA-tagged Rad18 (WT), Rad18 S-Box → A (which harbors alanine substitution of all serines in the S box), or "empty" vector control (AdCon). Extracts from the resulting cells were immunoprecipitated with anti-HA, and the immune complexes were analyzed by SDS-PAGE and immunoblotting. Immunoblots were probed sequentially with anti-Rad18 (pS434) and anti-HA. As with most commonly used phospho-specific antibodies, we routinely observed minor phospho-independent reactivity of anti-Rad18 (pS434) with Rad18. (B) Phospho-specificity of Rad18 anti-pS434 antibody demonstrated by analysis of mutant Rad18. H1299 cells were infected with adenovirus vectors encoding HA-tagged Rad18 (WT), Rad18 3S → A (which harbors alanine substitution of residues 434, 436, and 444 in the S-box), or AdCon. Extracts from the resulting cells were immunoprecipitated with anti-HA and analyzed by SDS-PAGE and immunoblotting with anti-Rad18 (pS434) and anti-HA. (C) Phospho-specificity of Rad18 anti-pS434 antibody demonstrated by phosphatase treatment. H1299 cells were infected with adenovirus vectors encoding HA-tagged Rad18 (WT) or AdCon. Extracts from the resulting cells were immunoprecipitated with anti-HA. The immune complexes were incubated with λ phosphatase (or left untreated for controls) as described in Materials and methods. Control and phosphatase-treated immune complexes were analyzed by SDS-PAGE and immunoblotting with anti-Rad18 (pS434) and anti-HA. (D) The S box is necessary for phosphorylation of full-length Rad18 by DDK. *RAD18^−/−^* HCT116 cells were infected with adenovirus vectors encoding HA-tagged Rad18 (WT), Ad-Rad18 S-box-A, or AdCon. Soluble extracts from the resulting cells were immunoprecipitated with anti-HA. The immune complexes were incubated with λ phosphatase (to dephosphorylate any preexisting DDK-mediated phosphorylations) and washed extensively. 90% of each immune complex was subject to in vitro kinase assays using recombinant Cdc7-Dbf4 as described under in Materials and methods. Reaction products were resolved by SDS-PAGE, and phosphorylated species were detected by autoradiography (top). Approximately 10% of each immune complex was analyzed by SDS-PAGE and immunoblotting with anti-HA to test for relative levels of WT and S-Box-A mutant Rad18 (middle). The bottom panel shows immunoblot analysis of the soluble cell extracts probed with antibody against an irrelevant protein (FANCL) as a control for protein normalization in the "input" fractions. Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_GS_Fig3){#fig3}

We consistently observed low-level detection of Rad18 3S → A by our Rad18 S434 phospho-specific antibody, which likely reflects phosphorylation of alternative phosphorylated serines within the S box. This result is expected because many kinases (including Cdc7) phosphorylate amino acid clusters rather than individual residues. Finally, λ phosphatase treatment of immunoprecipitated Rad18 WT eliminated the phospho-S434 signal detected by immunoblotting ([Fig. 3 C](#fig3){ref-type="fig"}). Collectively, the results of [Fig. 3](#fig3){ref-type="fig"} validate the phospho-specificity of our Rad18 phospho-S434 antibody and indicate that phosphorylation of the Rad18 S box occurs in intact cells. We tested immunoprecipitated HA-Rad18 (WT) and HA-Rad18 (S-Box-A) as in vitro substrates for Cdc7-Dbf4. As shown in [Fig. 3 D](#fig3){ref-type="fig"}, HA-Rad18 (WT), but not HA-Rad18 (S-Box-A), was phosphorylated by Cdc7-Dbf4 in vitro, which is further consistent with phosphorylation of the Rad18 S box by DDK.

S434 phosphorylation of Rad18 in human cells is Cdc7 dependent
--------------------------------------------------------------

We investigated the Cdc7 dependence of Rad18 phosphorylation at S434. Cdc7 was depleted from H1299 cells using siRNA. As shown in [Fig. 4 A](#fig4){ref-type="fig"}, we achieved ∼75% depletion of Cdc7 after 24 h. At this time point, S phase populations of Cdc7-depleted cells were similar to control cells, as determined by BrdU labeling ([Fig. 4 B](#fig4){ref-type="fig"}). Cdc7 is an essential kinase in S phase for viability and DNA synthesis ([@bib6]). Therefore, the persistence of BrdU-positive nuclei in siCdc7-transfected cultures is consistent with immunoblots ([Fig. 4 A](#fig4){ref-type="fig"}) showing that the depletion of Cdc7 achieved under our standard experimental conditions is partial. Although inhibitory effects of Cdc7 deficiency on the cell cycle of cultured mammalian cells and mouse ES cells have been reported, these are p53 dependent ([@bib18]; [@bib29]). The H1299 cells used in our experiments lack p53 and therefore do not arrest immediately or die in response to acute and partial Cdc7 depletion. Moreover, [@bib53] and [@bib12] have shown that 90% depletion of Mcm2-7 complex proteins (the crucial targets of Cdc7 in the context of DNA synthesis) also has no overt inhibitory effect on DNA synthesis during an unperturbed cell cycle in experimental systems from *Xenopus* egg extracts, *Caenorhabditis elegans*, and cultured mammalian cells. Therefore, the persistence of DNA synthesis after acute and partial Cdc7 depletion is fully consistent with published and generally accepted literature.

![**DDK is important for mediating Rad18 S434 phosphorylation in intact human cells.** (A) Partial knockdown of Cdc7 achieved using siRNA. Replicate plates of H1299 cells were transfected with siRNA against Cdc7 (siCdc7) or nontargeting control RNA duplexes (siCon), or were left untransfected. Cell lysates prepared 24 h and 48 h after transfection were analyzed for Cdc7 expression using SDS-PAGE and immunoblotting. A minor nonspecific band (NS) recognized by the Cdc7 antibody serves as a loading control. (B) Partial Cdc7 depletion does not affect numbers of S phase cells. Replicate plates of H1299 cells were transfected with siCdc7 or siCon RNA duplexes. 24 h and 48 h after transfection, cells were incubated with 10 µM BrdU for 1 h. Levels of BrdU incorporation were determined by anti-BrdU staining and FACS analysis. (C) Effect of partial Cdc7 or Dbf4 depletion of Rad18 S434 phosphorylation. H1299 cells were transfected with siRNA against Cdc7 or Dbf4 (or nontargeting control RNA duplexes). Extracts from the resulting cells were immunoprecipitated with anti-HA and analyzed by SDS-PAGE and immunoblotting with anti-Rad18 (pS434) and anti-HA. Input fractions were normalized for protein and analyzed by SDS-PAGE and immunoblotting with anti-Cdc7 or anti-Dbf4 antibodies to test for knockdown efficiency. Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_GS_Fig4){#fig4}

We measured S434 phosphorylation of HA-Rad18 immunoprecipitated from Cdc7-depleted cells. As shown in [Fig. 4 C](#fig4){ref-type="fig"}, depletion of Cdc7 led to reduced phosphorylation of Rad18 at S434. Similar results were obtained with siRNA depletion of Dbf4, the noncatalytic binding partner of Cdc7 ([Fig. 4 C](#fig4){ref-type="fig"}). Numbers of BrdU-positive S phase cells in cultures acutely depleted of Cdc7 and Dbf4 were comparable (±8% in three independent experiments). Therefore, consistent with the results of our in vitro kinase assays, S434 of Rad18 is phosphorylated in a DDK-dependent manner.

Relationship between Rad18 and Cdc7 in UV-treated cells
-------------------------------------------------------

To test the hypothesis that Cdc7 might play a role in the TLS pathway after acquisition of DNA damage, we investigated a potential relationship between Rad18 and Cdc7. After UV treatment, we observed an increase in the amount of Rad18-associated Cdc7 as determined by coimmunoprecipitation ([Fig. 5 A](#fig5){ref-type="fig"}). The association of Rad18 and Cdc7 was robust over a range of UV doses (including 100 J/m^2^ and 10 J/m^2^, as shown in [Fig. 5, A and B](#fig5){ref-type="fig"}, respectively). Therefore, UV treatment induces the formation of a complex containing Rad18 and Cdc7. In siRNA experiments, Chk1 depletion reduced both basal and UV-induced association of Rad18 with Cdc7 ([Fig. 5 B](#fig5){ref-type="fig"}).

![**Rad18 S box phosphorylation is UV-inducible and promotes interactions with Polη.** (A) H1299 cells expressing HA-Rad18 were treated with UV (100 J/m^2^). After 1 h, extracts from the resulting cells were immunoprecipitated with anti-HA and analyzed by SDS-PAGE and immunoblotting with anti-HA and anti-Cdc7 antibodies. (B) HA-Rad18--expressing H1299 cells were transfected with siChk1 (to ablate Chk1 expression) or with siCon for controls. 24 h after transfection, cells were treated with UV (10 J/m^2^), and 1 h later, extracts were immunoprecipitated and analyzed as described for A. (C) H1299 cells were infected with adenovirus vectors encoding HA-tagged Rad18 (WT) or AdCon. Cells were treated optionally with UV (100 J/m^2^). After 1 h, extracts from the resulting cells were immunoprecipitated with anti-HA, and the immune complexes were analyzed by SDS-PAGE and immunoblotting. Immunoblots were probed sequentially with anti-Rad18 (pS434) and anti-HA. Input fractions were probed with a Chk1 (p317) antibody. (D) H1299 cells were coinfected with adenoviruses encoding HA-Rad18 (WT) and YFP-Polη, then transfected with siRNA against Cdc7 (or with nontargeting siCon RNA duplexes). Some cultures were treated with 100 J/m^2^ UV as indicated. One h after UV treatment, cells were harvested and the resulting extracts were immunoprecipitated with anti-HA. Immune complexes and input fractions were analyzed by SDS-PAGE and immunoblotting with anti-GFP (to detect YFP-Polη), anti-Rad18, and anti-Cdc7, as indicated. (E) H1299 cells were infected with adenoviruses encoding HA-Rad18 (WT), HA-Rad18 S-Box-A, or HA-Rad18 S-Box-D, or with AdCon. 48 h after infection, cells were harvested and the resulting extracts were immunoprecipitated with anti-HA. Immune complexes and input fractions were analyzed by SDS-PAGE and immunoblotting with anti-Polη, anti-Rad18, and anti-Rad6 as indicated. (F) H1299 cells were infected with adenoviruses encoding HA-Rad18 (WT) or HA-Rad18 S-Box-A, or with AdCon. Some cultures were treated with 100 J/m^2^ UV as indicated. 1 h after UV treatment, cells were harvested and the resulting extracts were immunoprecipitated with anti-HA. Immune complexes were analyzed by SDS-PAGE and immunoblotting with anti-Polη, anti-Rad18, and anti-Rad6 as indicated. (G) HCT116 *RAD18^−/−^* cells were infected with adenoviruses encoding HA-Rad18 (WT) or HA-Rad18 S-Box-A, or with AdCon. The resulting cells were treated with UV (0, 10, and 100 J/m^2^) as indicated. 1 h after UV treatment, cells were harvested and the resulting cell extracts were analyzed by SDS-PAGE and immunoblotting with anti-HA and anti-PCNA as indicated. Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_GS_Fig5){#fig5}

Because Cdc7 and Rad18 formed a complex in response to UV irradiation ([Fig. 5, A and B](#fig5){ref-type="fig"}), we asked whether phosphorylation of Rad18 at S434 was similarly genotoxin inducible.

Chk1 phosphorylation at S317 was measured as a known UV-inducible event. As shown in [Fig. 5 C](#fig5){ref-type="fig"}, Chk1 pS317 and Rad18 pS434 were induced by treatment with UV radiation. Collectively, these data suggest that phosphorylation of Rad18 at S434 is Cdc7-Dbf4 dependent, which is further consistent with Rad18 being a novel target of DDK. Furthermore, similar to Rad18--Cdc7 association, Rad18 phosphorylation at S434 occurs both basally and in a DNA damage--inducible manner.

Acute depletion of Cdc7 or mutation of the S box affects Polη binding
---------------------------------------------------------------------

The C-terminal amino acid region of Rad18 participates in Polη binding ([@bib51]). Because we demonstrated that the Polη-binding domain of Rad18 is phosphorylated by DDK, we hypothesized that this phosphorylation regulates Rad18--Polη interactions. To test this hypothesis, we assessed the effect of partial Cdc7 ablation (using siRNA) on the interaction between Rad18 and YFP-tagged Polη, as determined by coimmunoprecipitation. As shown in [Fig. 5 D](#fig5){ref-type="fig"}, Cdc7 ablation attenuated the UV-inducible interaction between Rad18 and YFP-Polη, which is consistent with the hypothesis that Cdc7 regulates association of Rad18 with Polη.

As an alternative approach to test the importance of Rad18 S box phosphorylation for Polη binding, we determined levels of Polη present in immunoprecipitated complexes of WT Rad18 or a Rad18 phosphorylation-resistant S box mutant (designated "Rad18 S-Box-A") from H1299 cells. For comparison, we also measured association of Polη with a Rad18 mutant in which all S box serines were substituted with Asp (S-Box-D) in anticipation of a possible phosphomimetic effect. Similar amounts of Rad18 were immunoprecipitated from cells expressing Rad18 WT, Rad18 S-Box-A, and Rad18 S-Box-D ([Fig. 5 E](#fig5){ref-type="fig"}). In the absence of DNA damage, Polη was detectable in the Rad18 (WT) immune complexes, but under the same experimental conditions we did not detect Polη in Rad18 S-Box-A immunoprecipitates ([Fig. 5 E](#fig5){ref-type="fig"}). Rad18 S-Box-D substitutions did not promote increased Polη binding ([Fig. 5 E](#fig5){ref-type="fig"}). Similarly, glutamate substitution of serines in the Rad18 S box failed to confer Polη binding, which indicates that there was no phosphomimetic activity of S → D or S → E substitutions (unpublished data). For phosphorylation-dependent protein--protein interactions, the geometry of phosphate binding is critical, and phosphomimics often do not fully recapitulate the phosphorylated amino acid. In many phosphoproteins, the phosphate can hydrogen bond with more geometries and provides hydrogen bonding or salt bridging combinations that Glu and Asp cannot ([@bib52]), which most likely explains the lack of phosphomimetic phenotypes of Rad18 S → D and S → E mutations in the S box. Nevertheless, our analysis of Rad18 mutants harboring S → A substitutions indicates that Cdc7-mediated phosphorylation promotes basal association with Polη.

As shown in [Fig. 5 F](#fig5){ref-type="fig"}, UV treatment induced an ∼3.5-fold increase in the association of Polη with WT Rad18. However, in UV-treated cells, the association of Polη with Rad18 S-Box-A was reduced by \>80% relative to its interaction with Rad18 WT.

The defective binding of Polη to Rad18 S-Box-A was specific because levels of Rad6 (another Rad18 binding partner) in WT Rad18 and S-Box-A immunoprecipitates were similar ([Fig. 5 E, and F](#fig5){ref-type="fig"}). Therefore, both basal and UV-induced Rad18--Polη associations are compromised in the Rad18 S-Box-A mutant.

S box mutation did not influence PCNA-directed E3 ubiquitin ligase activity because both Rad18 WT and Rad18 S-Box-A promoted similar levels of PCNA mono-ubiquitination when expressed in *RAD18^−/−^* HCT 116 cells ([Fig. 5 G](#fig5){ref-type="fig"}). The chromatin association of Rad18 was unaffected by S box mutations as determined by immunoblotting of chromatin fractions ([Fig. 5, E and F](#fig5){ref-type="fig"}) and by fluorescence microscopy experiments in which we examined the subcellular distribution of ectopically expressed CFP-Rad18 fusion proteins (not depicted).

Polη regulation is compromised by Cdc7 depletion and Rad18 S box mutations
--------------------------------------------------------------------------

The interaction between Rad18 and Polη is thought to be essential for guiding the TLS polymerase to sites of replication stalling. Rad18-dependent chaperoning of Polη is evident from the formation of Polη nuclear foci, microscopic structures likely representing sites of ongoing TLS ([@bib51]).

We determined the subcellular distribution of YFP-Polη before and after UV treatment in control and Cdc7-depleted H1299 cells. In nonirradiated control (Cdc7-expressing) cells, we observed a basal level of nuclear YFP-Polη foci corresponding to the reported association of Polη with the replication machinery ([@bib15]). As expected, in Cdc7-replete cells, UV irradiation led to a twofold increase in YFP-Polη foci ([Fig. 6 B](#fig6){ref-type="fig"}; P = 0.0006). In contrast, after Cdc7 ablation, numbers of cells containing basal YFP-Polη nuclei foci were reduced ∼14-fold ([Fig. 6 B](#fig6){ref-type="fig"}; P = 0.0001). Moreover, Cdc7 depletion led to an 80% decrease in the number of cells containing UV-induced nuclear YFP-Polη foci [Fig. 6 B](#fig6){ref-type="fig"}; P = 0.0001). The efficiency of Cdc7 knockdown and similar expression levels of YFP-Polη in this experiment were confirmed by immunoblotting ([Fig. 6 B](#fig6){ref-type="fig"}). These results suggest that Cdc7 is important for the formation of Polη foci both in the absence of exogenous DNA damage and after UV radiation.

![**Partial Cdc7 depletion inhibits formation of YFP-Polη nuclear foci.** (A) Effect of partial Cdc7 depletion on subcellular distribution of YFP-Polη. YFP-Polη--expressing H1299 cells were transfected with siCdc7 (or siCon) oligos. Some cultures were treated with 100 J/m^2^ UV. 6 h after UV treatment, cells were fixed and stained with DAPI. Nuclear YFP-Polη foci were visualized by fluorescence microscopy as described in Materials and methods. Bars, 5 µm. (B) Validation of Polη expression and Cdc7 depletion (top). Cell extracts from the experiment described in A and B were analyzed by SDS-PAGE and immunoblotting with anti-GFP (to detect YFP-Polη), anti-Cdc7, and β-actin. Nuclear foci observed in the experiment described in A were enumerated as described in Materials and methods (bottom). To calculate the percentage of cells with Polη foci, ∼250 nuclei were scored for each condition. Data points represent the mean for 250 cells, with error bars representing the range. (C) Effect of Cdc7 depletion on PCNA mono-ubiquitination. H1299 cells were transfected with siCon or siCdc7, or were left untransfected. After 24 and 48 h, the resulting cells were treated with 500 nM BPDE for 1 h. After harvest, cell extracts were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. (D) Effect of Cdc7 depletion on kinetics of Chk1 phosphorylation. H1299 cells were transfected with siCon or siCdc7. After 24 h and 48 h, the resulting cells were treated with 500 nM BPDE and harvested at the indicated times. Cell extracts were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. (E) Effect of Cdc7 depletion on PCNA binding of Polη and Polκ. YFP-Polη-- or GFP-Polκ--expressing H1299 cells were transfected with siCon or siCdc7. 24 h later, cells were treated with BPDE for 4 h or left untreated for controls. Chromatin fractions from the resulting cells were immunoprecipitated with PCNA antibodies, and the resulting immune complexes were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. Relative levels of YFP-Polη and GFP-Polκ in the PCNA immune complexes were quantified by densitometry and are expressed as fold change relative to controls (that received no BPDE). Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_RGB_Fig6){#fig6}

We considered the possibility that partial Cdc7 depletion might affect Polη recruitment secondarily because of changes in PCNA mono-ubiquitylation. However, basal and DNA damage--inducible PCNA mono-ubiquitylation were unaffected by partial Cdc7 depletion ([Fig. 6 C](#fig6){ref-type="fig"}). We also examined DNA damage--induced Chk1 phosphorylation in Cdc7-depleted cells. As shown in [Fig. 6 D](#fig6){ref-type="fig"}, the kinetics and magnitude of DNA damage--induced Chk1 phosphorylation were also unaffected by Cdc7 depletion. Therefore, two key S phase--coupled events (DNA damage--induced PCNA monoubiquitylation and Chk1 phosphorylation) were not perturbed by partial and acute Cdc7 depletion. These results are consistent with published work indicating that Mcm proteins (crucial targets of Cdc7) can be depleted substantially without affecting S phase progression ([@bib53]; [@bib12]).

Consistent with the results of [Fig. 6 A](#fig6){ref-type="fig"}, in co-immunoprecipitation experiments we found that the genotoxin-inducible association of YFP-Polη with PCNA is sensitive to partial Cdc7 depletion ([Fig. 6 E](#fig6){ref-type="fig"}, left), whereas associations of PCNA with GFP-Polκ were relatively unaffected ([Fig. 6 E](#fig6){ref-type="fig"}, right). Collectively, these results indicate that partial Cdc7 depletion specifically impairs the association of Polη with stalled replication forks.

As a complementary approach to investigate the roles of Cdc7 and Rad18 S box phosphorylation in Polη recruitment, we compared the basal and UV-induced levels of YFP-Polη foci in response to ectopic expression of different Rad18 mutants. Immunofluorescence images of representative nuclei from this experiment are shown in [Fig. 7 A](#fig7){ref-type="fig"}. Although expression of WT Rad18 led to a statistically significant increase in the number of basal foci relative to AdCon (P \< 0.0001 as calculated using Fisher's exact test), expression of S-Box-A Rad18 did not ([Fig. 7 B](#fig7){ref-type="fig"}; P = 0.53). Moreover, after UV irradiation, cells expressing Rad18 S-Box-A exhibited almost 50% fewer foci than those expressing WT Rad18 ([Fig. 7 B](#fig7){ref-type="fig"}; P \< 0.0001).

![**Effect S box phosphorylation site mutation on Rad18-induced formation of YFP-Polη foci.** (A) H1299 cells were coinfected with adenovirus vectors encoding YFP-Polη and HA-Rad18 (WT) or HA-Rad18 S-Box-A, or AdCon for controls. Some cultures were treated with 100 J/m^2^ UV. 6 h after UV treatment, cells were fixed and stained with DAPI. Nuclear YFP-Polη foci were visualized by fluorescence microscopy. Bars, 5 µm. (B) Cell extracts from the experiment described in A were analyzed by SDS-PAGE and immunoblotting with anti-HA to confirm equivalent expression of Rad18 (WT) and Rad18 S-Box-A (left). Nuclear foci observed in the experiment were enumerated (right). To calculate the percentage of cells with Polη foci, ∼250 nuclei were scored for each condition. Data points represent the mean for 250 cells, with error bars representing the range. (C) H1299 cells were transfected with siRNA directed against the 3′ UTR of endogenous Rad18 mRNA or with a nontargeting control siRNA, siCon. The resulting cells were transfected with CMV-driven mammalian expression plasmids encoding HA-Rad18 (WT), HA-Rad18 S-Box-A, or empty vector for control. Control and Rad18-complemented cells were trypsinized and re-plated. 24 h later, cells were harvested for SDS-PAGE and immunoblotting analysis (left) or were treated with varying doses of UV and analyzed for clonogenic survival (right). Molecular mass is indicated in kilodaltons next to the gel blots.](JCB_201006043_RGB_Fig7){#fig7}

Even in the presence of endogenous Rad18 in H1299 cells, expression of the S box Rad18 mutant had a slight dominant-negative effect and impaired the formation of UV damage--induced YFP-Polη foci. Rad18 exists as a dimer in vivo, and formation of Polη interaction--defective heterodimers (comprising endogenous Rad18 WT and ectopically expressed Rad18 S-Box-A) likely accounts for the apparent dominant-negative activity of Rad18 S-Box-A in YFP-Polη focus-forming assays.

Phosphorylation-resistant Rad18 S-Box-A fails to complement UV sensitivity of Rad18-depleted cells
--------------------------------------------------------------------------------------------------

TLS-deficient cells sometimes exhibit sensitivity to genotoxic agents, and we predicted that Rad18 S-Box-A mutation might compromise cellular sensitivity to UV. For reasons that are unclear, HCT 116 cells are extraordinarily resistant to UV and other genotoxins, even in a *RAD18^−/−^* background ([@bib43]), and we could not determine the effect of mutant forms of Rad18 on UV sensitivity using these cells. Therefore, as an alternative to using HCT116 cells, we depleted endogenous Rad18 from H1299 cells. The resulting Rad18-depleted cells were complemented using expression vectors encoding siRNA-resistant forms of Rad18 (WT), Rad18 S-Box-A, or with "empty" vector for control. Equivalent expression levels of Rad18 (WT) and Rad18 S-Box-A were confirmed by immunoblotting. As expected, both CMV-Rad18 WT and S-Box-A expression plasmids induced a similar level of PCNA mono-ubiquitination ([Fig. 7 C](#fig7){ref-type="fig"}). The resulting cells were irradiated with various doses of UV, and survival was determined using colony formation assays. As expected, UV sensitivity of Rad18-depleted H1299 cells was almost fully corrected by CMV-Rad18 WT. In contrast, the Rad18 S-Box-A mutant only conferred partial complementation of UV sensitivity. In the experiment shown in [Fig. 7 C](#fig7){ref-type="fig"}, irradiation with 10 J/m^2^ UV electromagnetic radiation subtype C (UVC) reduced survival to 79 ± 6% and 36% ± 6% in Rad18-expressing and Rad18-depleted cells, respectively. CMV-Rad18 (WT) expression corrected the UV sensitivity of Rad18-depleted cells by 82 ± 4.5%, whereas the Rad18 S-Box-A mutant only resulted in 38 ± 6% correction of UV sensitivity. These results further indicate that Rad18 S box phosphorylation is important for appropriate tolerance of UV-induced DNA damage.

Discussion
==========

It has long been accepted that the cell cycle kinase Cdc7 is essential for the initiation phase of DNA synthesis. However, recent work also supports an active role for Cdc7 in the DNA damage response. For example, in human cells and *Xenopus* extracts, Cdc7 and Dbf4 form a stable complex and accumulate on chromatin after DNA damage or replication stress ([@bib47]; [@bib49]). Claspin and AND-1 were recently characterized as DNA damage--induced Cdc7 substrates ([@bib20]; [@bib56]), which supports a model in which Cdc7 maintains its kinase activity in the context of cellular response to DNA damage. It has been proposed that Cdc7 is important for replication restart after DNA damage--induced stalling of replication forks ([@bib45]; [@bib49]). A role for Cdc7 in replication restart that implies a delayed activation of Cdc7 could potentially reconcile the apparent contradiction between the early findings that Cdc7 is inhibited and the more recent findings, including ours, that it is active in the context of the checkpoint.

Studies in yeast have demonstrated that Cdc7 and Dbf4 are required for induced mutagenesis ([@bib37]). Moreover, ectopic expression of Cdc7 induced hypermutability in response to UV treatment ([@bib41]). These data suggest that Cdc7 plays a role in the DNA damage tolerance TLS pathway. Indeed, a genetic study demonstrating that Cdc7 is epistatic to members of the Rad6 pathway ([@bib38]) led the authors to hypothesize that Cdc7 phosphorylates some member of the TLS pathway.

Our study identifies hRad18 as a novel DDK substrate in human cells and provides a potential molecular explanation for the observed genetic interaction between the Cdc7 and TLS pathways in yeast. We note, however, that the S box region of Rad18 is not conserved in *S. cerevisiae* or *Schizosaccharomyces pombe*. Therefore, DDK may regulate TLS by phosphorylating alternative sites in yeast Rad18 or via regulation of other TLS components.

Similar to phosphorylated motifs of other DDK substrates, the human Rad18 S box is both serine-rich and extremely acidic owing to a high density of aspartic and glutamic acid residues. Cdc7 is known to be an acidophilic kinase ([@bib26]). We draw a useful analogy between Rad18 and Mcm2, a well-characterized substrate of Cdc7. Studies performed in vitro and using whole cells have shown that Cdc7 phosphorylates multiple residues in the acidic, serine-rich N terminus of Mcm2 ([@bib9]; [@bib8]), a region similar to the S box of Rad18. One detailed biochemical study demonstrated that, in vitro, the minimal requirement to support Cdc7 phosphorylation is an adjacent acidic amino acid ([@bib9]). We noted that S434 is adjacent to a glutamic acid. The requirement for an adjacent acidic amino acid also invites the question of whether an adjacent phosphorylation might equally fulfill this condition. Indeed, [@bib9] found a peptide substrate that was only phosphorylated by Cdc7 after it was prephosphorylated on an adjacent serine, which suggests the possibility of a priming mechanism. Several studies have postulated models in which phosphorylation by a Cdk is a prerequisite for Cdc7 activity ([@bib25]; [@bib34]; [@bib30]; [@bib50]), and a priming mechanism offers an attractive biochemical explanation for this relationship.

Although the Cdc7/Rad18 interaction and phosphorylation at S434 are induced by DNA damage, S434 was also observed to be phosphorylated basally. Therefore, Cdc7-mediated recruitment of Polη may be important for S phase progression even in the absence of exogenously induced DNA damage. Polη is localized to replication factories during an unperturbed S phase ([@bib15]), which suggests a role for Polη in normal DNA replication. A recent study demonstrated that depletion of Polη from human cells affects cell cycle progression and rates of proliferation ([@bib40]). In addition, [@bib40] described spontaneous chromosome instability, characterized by chromatid breaks, in Polη-depleted cells. Interestingly, Polη depletion led to a significant increase in chromatid aberrations at fragile sites, which suggests a role for Polη in replicating breakage-prone DNA regions. Polη has also been implicated in replication of another endogenous, aberrant DNA structure that can lead to fork pausing in a normal S phase: G4 quartet DNA is a four-stranded DNA structure that can form in guanine-rich nucleotide sequences and presents a challenge to the normal replicative polymerase. Depletion of Polη in human cells reduced their ability to replicate G4 quartet DNA ([@bib2]). These findings, combined with the knowledge that Cdc7 is a well-characterized cell cycle kinase, suggest that Cdc7 activity could be important for recruiting Polη during normal replication to aid in bypass of endogenous DNA structures.

Until recently, it has been accepted that Polη recruitment in response to exogenous DNA damage relies primarily on PCNA mono-ubiquitination and the subsequent binding of mono-ubiquitinated PCNA to the Polη UBZ motif ([@bib5]). However, the UV sensitivity of XPV cells can be complemented by Polη UBZ mutants ([@bib1]), which suggests that alternate mechanisms exist for the recruitment of Polη. [@bib51] demonstrated that Rad18 interacts with Polη and chaperones the polymerase to stalled replication forks. We observed that although the S box mutant does not interact efficiently with Polη or support the formation of Polη foci, it is competent to mono-ubiquitinate PCNA. Therefore, our findings are consistent with the work of [@bib1] and we validate the model proposed by [@bib51], demonstrating a separation of Rad18's primary TLS functions: modifier of PCNA and chaperone of Polη. We extend the results of those workers by demonstrating that the Rad18--Polη interaction is subject to regulation by phosphorylation.

Further studies are necessary to determine the mechanism by which Chk1 promotes phosphorylation of Rad18 by Cdc7. Rad18 does not appear to be a Chk1 substrate (unpublished data). The role of Chk1 in stimulating Rad18--Cdc7 binding could be caused by Chk1-dependent stabilization of stalled forks, potentially creating or maintaining replication intermediates that facilitate Rad18--Cdc7 interactions. Alternatively, Chk1 might target DDK (directly or indirectly), and there is evidence that Dbf4 is phosphorylated by Chk1 at multiple sites ([@bib19]).

In conclusion, our study identifies a novel biochemical relationship between the S-phase kinase Cdc7 and the TLS regulator Rad18. Our work is the first demonstration of Rad18 regulation via phosphorylation. The finding that Cdc7 regulates recruitment of Polη by modification of Rad18 suggests a novel biochemical basis for a genetic relationship that was previously recognized in yeast. Our findings provide important new mechanistic details regarding the regulation of the DNA damage tolerance pathway and how postreplication repair is integrated with other elements of cell cycle control and the response to either exogenously induced or spontaneously arising forms of DNA damage in human cells.

Materials and methods
=====================

Adenovirus construction and infection
-------------------------------------

Adenovirus construction and infection were performed as described previously ([@bib3], [@bib4]). H1299 and HCT116 cells were routinely infected with at 4 × 10^9^ pfu/ml and 10^9^ pfu/ml of adenovirus, respectively.

Cell lines and reagents
-----------------------

Human lung carcinoma H1299 cells, 293T cells, and *RAD18^−/−^* HCT116 cells ([@bib43]) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 100 µg/ml streptomycin sulfate and 100 U/ml penicillin. The antibodies were purchased as indicated: anti-Polη (A301-231A) and anti-Rad18 (A301-340A) were from Bethyl Laboratories, Inc.; anti--HA-tag (Y11, sc-805), anti-CHEK1 (sc-8408), and anti-PCNA (sc-56) were from Santa Cruz Biotechnology, Inc.; anti--phospho-Chk1 Ser-317 (2344) was from Cell Signaling Technology; anti-Dbf4 (MBS120101) was from MyBiosource.com; anti-ACTB (A5441) was from Sigma Aldrich; anti-GFP (A11122) was from Invitrogen; and anti-Cdc7 (K0070-3) was from the Marine Biological Laboratory. The Rad18 S434 phospho-specific antibody was generated by immunizing rabbits with the peptide IQEVLSS\[pS\]ESDS. To ensure phospho-specificity, the resulting areas were depleted using unmodified immunogen and purified using the phosphopeptide. Peptide synthesis, immunizations, and antibody purification steps were performed by 21st Century Biochemicals, Inc.

Genotoxin treatment
-------------------

For UVC treatment, the growth medium was removed from the cells and replaced with PBS. The plates were transferred to a UV cross-linker (Agilent Technologies) and irradiated. The UVC dose delivered to the cells was confirmed with a UV radiometer (UVP, Inc.). The cells were re-fed with complete growth medium and returned to the incubator. Benzo(a)pyrene diolepoxide (BPDE; National Cancer Institute Carcinogen Repository) was dissolved in anhydrous DMSO and added directly to the growth medium as a 1,000× stock to give final a concentration of 500 nM.

RNAi interference
-----------------

Cells were plated to achieve 75% confluence in 6-cm tissue culture dishes. Transfection of siRNA constructs was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Each plate of cells was transfected with 20 µl of Lipofectamine reagent and contained a final siRNA concentration of 100 nM in a total volume of 3 ml. Sequences for siRNA are as follows. Cdc7 siRNA, 5′-GCUCAGCAGGAAAGGAGUUdTdT-3′, originally described by [@bib29]; Rad18 3′ untranslated region (UTR) siRNA, 5′-UUAUAAAUGCCCAAGGAAAUU-3′; Dbf4 siRNA, 5′-CAGUAUCAAGUUGUUGAUGAU-3′; and control nontargeting siRNA, 5′-UAGCGACUAAACACAUCAA-3′ (Thermo Fisher Scientific).

Fluorescence microscopy
-----------------------

H1299 cells expressing WT and mutant forms of Rad18 and YFP-Polη were treated with UVC as described above and analyzed exactly as described previously ([@bib4]). In brief, to visualize YFP-Polη fluorescence, the cells were fixed with 4% paraformaldehyde for 10 min, then permeabilized with 0.2% Triton X-100 for 5 min. After washing the slides with PBS, cells were DAPI-stained and mounted with Vectashield solution (Vector Laboratories). Images were acquired at room temperature on an inverted microscope (IX-70; Olympus) attached to a restoration imaging system (Deltavision Spectris; Applied Precision, Inc.) equipped with a charge-coupled device camera (Photometrics CoolSNAP HQ). Images were captured using the SoftWoRx Acquire 3D software using 40× (NA. 1.35), 60× (NA 1.42), or 100× (NA 1.40) oil objective lenses (Olympus). Images were collected as z stacks of 0.1--0.5-µm increments (1--15 sections total). Image stacks were deconvolved using the SoftWoRx conservative algorithm with 10 iterations, then collapsed into single-plane images using the Quick Projection option. Multidimensional analysis of image stacks was done using the SoftWoRx software and displayed as either solid or wireframe models. 3D projections and models were rotated and saved in file formats that were exported to Photoshop (Adobe) for viewing and analysis.

Immunoprecipitations and immunoblotting
---------------------------------------

To prepare extracts containing soluble and chromatin-associated proteins, monolayers of cultured cells (typically in 60-mm or 100-mm dishes) were washed three times in ice-cold PBS and scraped into 500 µl of ice-cold cytoskeleton buffer (CSK buffer; 10 mM Pipes, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, 1 mM EGTA, 1 mM DTT, 0.1 mM ATP, 1 mM Na~3~VO~4~, 10 mM NaF, and 0.1% Triton X-100) freshly supplemented with 0.2 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche). Lysates were transferred to microcentrifuge tubes and incubated on ice for 5 min, then centrifuged at 1,000 *g* for 2 min. The supernatants were removed and further clarified by centrifugation at 10,000 *g* for 10 min to obtain Triton X-100--soluble proteins. The Triton X-100--extracted insoluble nuclear fractions were washed once with 1 ml of CSK buffer and then resuspended in a minimal volume of CSK. In some experiments, chromatin-bound proteins were released by digestion of nuclei in CSK with 1,000 U/ml of RNase-free DNase I (Roche) at 25°C for 30 min. After DNase I digestion, soluble and insoluble materials were separated by centrifugation at 10,000 *g* for 10 min. For immunoprecipitation, samples were normalized for protein concentration. Primary antibody incubations were performed overnight at 4°C on rotating racks. Immune complexes were recovered by the addition of secondary antibody and 20 µl of protein G--Sepharose 4 Fast Flow beads (GE Healthcare) and further incubation for 4--6 h. The beads were recovered by brief centrifugation and washed four times with 1 ml CSK (5--10 min per wash). The washed immune complexes were boiled in protein loading buffer for 10 min to release and denature immunoprecipitated proteins before separation on SDS-PAGE.

Expression of recombinant Rad18 GST fusion fragments
----------------------------------------------------

A series of cDNAs spanning the length of Rad18 and mutational variants of fragment 7 were cloned into the pGEX 2T vector (GE Healthcare). All cloning was verified by sequencing (Dana-Farber/Harvard Cancer Center Sequence Core). GST fusion proteins were expressed in One Shot BL21 (DE3) *Escherichia coli* (Invitrogen) and purified according to the manufacturer's instructions.

Survival assays
---------------

Endogenous Rad18 was depleted using siRNA, and complementation with WT and mutant Rad18 was achieved using transfected expression plasmids, as described previously ([@bib44]). The resulting cultures were reseeded at low density in replicate and irradiated with various doses of UVC. Control and irradiated plates were returned to the incubator and maintained until colonies comprising ∼50 cells were evident (typically 10--12 d). The resulting cells were fixed (using 40% methanol and 10% acetic acid) and stained with crystal violet, and colonies were enumerated as described previously ([@bib35]).

In vitro Cdc7 kinase assays
---------------------------

Recombinant GST-Cdc7--Dbf4 complexes were produced in baculovirus and used to phosphorylate various substrates in vitro as described previously ([@bib26]).

In brief, kinase assays were conducted in 25-µl reactions containing 40 mM Hepes-KOH, pH 7.6, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM β-glycerophosphate, 1 mM NaF, 2 mM DTT, 8 mM MgOAC, 0.1 mM ATP, 10 µCi \[^32^P\]γATP, and substrate proteins indicated in the figure legends. Reactions were incubated at 30°C for 45 min, followed by the addition of SDS-PAGE sample buffer. After boiling for 3 min, half of each sample was analyzed by SDS-PAGE. Radioactive proteins were detected by autoradiography of stained and dried gels.

Reproducibility
---------------

All data shown are representative of experiments that were repeated at least three times with similar results on each separate occasion.
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